Polymer solar cells have made rapid progress in the last decade and currently have shown a power conversion efficiency (PCE) of more than 10%. [1, 2] This is mainly due to remarkable development in various low-bandgap polymers in recent years. [3] [4] [5] [6] [7] For further improvement toward 15%, it is essentially required to harvest many more photons in the solar light over the wide wavelength range from visible to near-IR region. However, it is generally difficult to cover such a wide wavelength range by only two materials of conjugated polymer and fullerene because of the limited absorption bandwidth of most conjugated polymers and small absorption of fullerene derivatives. Ternary blend solar cells have been proposed to extend the light-harvesting range from visible to near-IR region in a simple way. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Currently, two types of ternary blend solar cells have been intensively studied to harvest more photons over the near-IR region. One is based on two donor polymers and one acceptor. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Brabec et al. reported that the photocurrent is increased by incorporating a lowbandgap donor polymer into a binary blend of poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM).
PCBM, [15] in analogy with the operation of parallel tandem solar cells. In PBHJ solar cells, the short-circuit current density (JSC) is identical to the sum of those of binary subcells and the open-circuit voltage (VOC) is in between those of binary subcells. As a result, the PCE is optimized when the weight ratio of the two donor polymers is close to 1 : 1. The other is based on one donor polymer, one acceptor, and an additional near-IR dye molecule. [19] [20] [21] [22] [23] [24] [25] [26] [27] This approach is simple and versatile, and hence can be easily applied to multicolor sensitization by using two different dye molecules at the same time that have complementary absorption bands. [21] Recently, Ratner and Marks et al. have theoretically shown that these ternary blend solar cells have the potential to exceed the efficiency limit (~10%) of binary blend conventional solar cells. [28] In addition, they pointed out the challenging issues to be addressed for each ternary blend solar cell. For PBHJ solar cells, the potential advantage is limited by the thin active layer. Indeed, the thickness is as thin as ~100 nm even for most state-of-the-art PBHJ cells. [16, 17] In this case, the photocurrent improvement would be limited because the absorption of the original binary blend is decreased by incorporating the third material. For dye-sensitized polymer solar cells, on the other hand, the potential advantage is limited not by the thickness but rather by a small dye loading fraction. It is typically limited to less than 10 wt%, mostly as low as ~5 wt%, for optimized device performance. In other words, these challenging issues should be solved for further improvements toward 15%.
Herein, we demonstrate that photovoltaic performance of ternary blend solar cells can be significantly improved by high dye loading into binary blend solar cells. More specifically, we fabricate efficient ternary blend solar cells based on P3HT and PCBM incorporating a silicon phthalocyanine derivative (SiPc) with a high loading concentration. In order to incorporate as many SiPc dye molecules as possible into the P3HT/PCBM interface selectively, we have synthesized heterostructured SiPc molecules with two different axial ligands in the direction normal to the molecular plane. One axial ligand is tri-n-hexylsiloxy substituent, which is compatible with P3HT with a lower surface energy, and the other is tri-benzylsiloxy substituent, which is compatible with PCBM with a higher surface energy. [29] [30] [31] [32] [33] In other words, the heterostructured silicon phthalocyanine derivative (SiPcBz6) would be compatible with both P3HT and PCBM and hence preferentially located at the P3HT/PCBM interface. [30] For comparison, we also synthesized two other homostructured SiPc molecules with two identical axial ligands in the direction normal to the molecular plane. One is silicon phthalocyanine bis(tri-n-hexylsilyl oxide) (SiPc6) and the other is silicon phthalocyanine bis(tri-benzylsilyl oxide) (SiPcBz). In order to discuss how dye molecules can contribute to the photocurrent generation in ternary blend solar cells, we have studied photovoltaic properties and bimolecular recombination dynamics for ternary blend with these three SiPc molecules. Figure 1 shows the structures of donor polymer (P3HT), acceptor fullerene (PCBM), and three SiPc dyes employed in this study. All these SiPc dyes have an intense absorption band at around 670 nm with a high molar absorption coefficient of ~3 × 10 5 M −1 cm −1 ( Figure   S1 ), indicating that these have equivalent light-harvesting property in the near-IR region.
Furthermore, they exhibit large spectral overlap between the absorption band and the emission band of P3HT and hence have potential equally for efficient long-range Förster energy transfer in ternary blends as described below. Their HOMO and LUMO levels were estimated to be ~5.4 eV and ~3.5 eV, respectively, by cyclic voltammetry (Figure 1 ). In other words, axial ligands employed here have negligible impact on electronic structures of these three SiPc dyes. On the other hand, the HOMO levels of P3HT and PCBM in solid state were estimated to be 4.7 eV and 6.1 eV, respectively, by photoemission yield spectroscopy, which are consistent with previous reports. [34] [35] [36] [37] The LUMO level was evaluated to be 3.8 eV for PCBM by the cyclic voltammetry and to be 2.7 eV for P3HT from the optical bandgap and the HOMO level. Thus, as shown in the figure, all three ternary blends of P3HT, PCBM, and
SiPc dyes exhibit cascaded energy structures both in the HOMO and LUMO levels (PCBM < SiPc dyes < P3HT) with offset energies of >0.2 eV, which are sufficient for the charge separation. This is one of the absolute requirements for efficient dye sensitization at longer wavelength region. In summary, all these three SiPc dye molecules have equivalent potential for the light-harvesting, the exciton-harvesting, and the charge generation efficiency in ternary blend films if blend morphology is the same. Figure 2 shows the absorption spectrum of SiPcBz6 and the photoluminescence (PL) spectrum of a P3HT neat film. As mentioned above, the absorption spectrum of SiPcBz6 is well overlapped with the PL spectrum of P3HT, indicating efficient long-range Förster energy transfer from P3HT excitons to SiPcBz6 dye molecules. The same is true for the other dyes ( Figure S1 ). Indeed, we previously revealed by transient absorption spectroscopy that P3HT
excitons in P3HT/PCBM/SiPc6 ternary blends are efficiently collected to SiPc6 molecules by long-range Förster energy transfer. [38] We note that no emission from dye molecules are observed for P3HT/PCBM/SiPc ternary blends ( Figure S2 ). This is because such energy transfer is followed by efficient charge separation as reported previously. [38] As shown in the inset of Figure 2 , the PL quenching efficiency was ~90% for P3HT/PCBM binary blends, which is consistent with the previous reports. [20, 38, 39] This finding indicates that ~10% of P3HT excitons are lost during the exciton diffusion. The PL quenching efficiency abruptly increased to ~95% for all the dyes at a dye loading of 5 wt%, and then was saturated for
SiPcBz at >5 wt% while still increased up to >98% for SiPcBz6 at 15 wt%. In other words, almost all the P3HT excitons are quenched in P3HT/PCBM/SiPcBz6 ternary blends. Such an almost 100% PL quenching is indicative of the efficient long-range Förster energy transfer followed by the charge separation because no morphological change is induced by the dye addition as described later. Although the error bars are not negligible, the maximum PL quenching efficiency is dependent upon the dye molecules in spite of the similar spectral overlap as mentioned before. This is indicative of different dye distribution in ternary blend films.
To examine the blend morphology in the presence or absence of dye molecules, we measured the AFM images and the absorption spectra of a binary blend control film and three different ternary blend films. As shown in Figure S3 , P3HT fibrils were clearly observed for all the blend films at an optimized dye concentration (5 wt% SiPc6, 15 wt% SiPcBz6, and 5 wt% SiPcBz). These fibril structures were almost the same in spite of the presence or absence of dye molecules, suggesting that dye loading does not significantly disturb P3HT crystallization or phase-separated structures on a scale of tens of nanometers. In order to examine not only surface but also bulk morphology, we discuss how dye loading impacts on the crystallization of P3HT on the basis of the absorption spectra of ternary blends with various dye concentrations from 0 to 30 wt%. As reported previously, [40, 41] the crystallinity of P3HT can be evaluated from the vibronic absorption bands, which has a good correlation with that evaluated from XRD measurements. For comparison, the absorbance is normalized at 470 nm where the absorption of dye molecules is negligible ( Figure S4 ). For SiPcBz6, as shown in Figure 3a , the absorbance of the dye absorption band at around 680 nm monotonically increased with increasing dye concentrations up to 30 wt%. For SiPc6, it monotonically increased with increasing dye concentrations up to 20 wt% and then was saturated at 30 wt%. For SiPcBz, it increased sublinearly at low concentrations and then significantly decreased at 30 wt%. These findings suggests that dye aggregation is negligible for SiPcBz6 but substantial for SiPc6 and SiPcBz at high dye concentrations. On the other hand, the absorption band from 400 to 650 nm is ascribed to P3HT. In particular, the absorption shoulder at around 610 nm is characteristic of π-π stacking in P3HT crystalline domains, which is overlapped with the 0-1 vibrational absorption band of SiPc dye molecules.
As shown in Figure 3b , the absorption dependence at around 610 nm was consistent with that observed for the dye absorption at around 680 nm, suggesting that the increase in the absorbance at 610 nm is mainly due to the 0-1 vibrational absorption band of SiPc dye molecules. In other words, the absorption of P3HT remains the same, suggesting that P3HT crystallization is not disturbed by the dye loading. This is consistent with no morphological change observed for the AFM images. Figure 4 shows the photovoltaic device parameters of P3HT/PCBM/SiPc ternary blend solar cells with various dye loading concentrations under AM 1.5G simulated solar irradiation at an intensity of 100 mA cm −2 . These parameters are averaged for at least 18
devices. Note that the J-V characteristics and external quantum efficiency (EQE) spectra of typical ternary blend devices are shown in Figure 4 and Figure 5 and the best photovoltaic parameters are summarized in Table S1 . As shown in Figure 4a , the JSC reached a maximum of ~11.5 mA cm −2 at 5 wt% for SiPcBz and SiPc6, and ~13 mA cm −2 at 15 wt% for SiPcBz6.
As shown in Figure 4b , the VOC monotonically decreased from 0.55 to 0.53 V for SiPcBz, showed a maximum of ~0.58 V at 10 wt% and then decreased to 0.52 V for SiPc6, and monotonically increased from 0.55 to ~0.6 V for SiPcBz6. The fill factor (FF), as shown in Figure 4c , monotonically decreased from 0.63 to ~0.55 for all the SiPc dyes: most rapidly for SiPcBz, modestly for SiPc6, and most gradually for SiPcBz6. Consequently, as shown in Figure 4d , the overall PCE was 3.6% at 5 wt% for SiPcBz, which is comparable to that of the P3HT/PCBM control binary cell, while it was improved to 4% at 5 wt% for SiPc6, and 4.4% at 10 -15 wt% for SiPcBz6. As shown in Figure 5 , P3HT/PCBM/SiPcBz6 ternary cells exhibit the best PCE of 4.8% at 15 wt% with an EQE of more than 60% at the dye absorption while P3HT/PCBM/SiPc6 and P3HT/PCBM/SiPcBz ternary cells exhibit the best PCE at 5 wt% with an EQE of less than 40% at the dye absorption. This is primarily due to the improvement in JSC and additionally due to VOC at high loading concentrations. As shown in Figure 5b , the increase in JSC is due to the improvement not only at the dye absorption band but also at the P3HT absorption band. These findings suggest that SiPcBz6 molecules can be selectively located at the P3HT/PCBM interface even at higher loading concentrations up to 30 wt% while SiPc6 and SiPcBz would overflow to other domains at high loading concentrations as described later.
We measured bimolecular recombination dynamics to discuss location of dye molecules in ternary blend films. As shown in Figure S7 , all the decay dynamics were well fitted with an empirical power-law equation n(t) = n0/(1 + at) α , which is consistent with our previous result. [42] This power-law decay is indicative of the bimolecular recombination in energetically disordered materials. [43, 44] From the decay parameters a and α obtained by the fitting, the charge carrier lifetime τ = (aα) −1 is estimated to be 5.2 µs for P3HT/PCBM binary blends under the excitation intensity employed in this study, which is consistent with that evaluated by transient photovoltage/photocurrent and charge extraction measurements. [45] As summarized in Table 1 , the carrier lifetime is longer in ternary blends than in binary blends, and longest (15.6 µs) in P3HT/PCBM/SiPcBz6 ternary blend films. Recently, Friend et al.
have demonstrated that such energy-level cascades can suppress the bimolecular recombination by using triple-layered all polymer solar cells. [46] Thus, these findings indicate that dye molecules are selectively located at P3HT/PCBM interface and hence can effectively suppress the bimolecular recombination in ternary blend films.
Finally, we discuss the location of dye molecules in ternary blend films. At a low dye concentration of 5 wt%, as shown in Figure 4 , all the dye molecules do contribute to the photocurrent generation effectively. This finding clearly shows that the majority of dye molecules are located at the P3HT/PCBM interface. As discussed previously, [20] if dye molecules were isolated in P3HT or PCBM domains, they could not contribute to the photocurrent generation at all. Indeed, we found by the transient absorption study that upon the photoexcitation of SiPc6 isolated in P3HT domains, all P3HT polarons and SiPc6 anions generated geminately recombine with a time constant of 2 ns. [38] For P3HT/PCBM/SiPc6 ternary blends, on the other hand, such geminate recombination is negligible but instead SiPc6
anions are rapidly transferred to PCBM domains. In other words, all the SiPc6 molecules should be contact with P3HT and PCBM at the same time, that is, located at the interface of P3HT/PCBM. This would be true for the other dyes at a low dye loading. At higher dye concentrations of 10 -20 wt%, the JSC decreased for SiPc6 and SiPcBz while it still increased for SiPcBz6. On the other hand, the dye absorption increased linearly for all the dyes. Thus, dye aggregation is still negligible but some of SiPc6 and SiPcBz molecules would be located not at the interface but in preferred domains. Most probably, SiPc6 and SiPcBz molecules are likely to be located at P3HT and PCBM domains respectively, because hexyl and benzyl ligands prefer to P3HT and PCBM respectively. [30] At more higher dye concentrations of >20 wt%, the JSC decreased and the dye absorption decreased or was saturated for SiPc6 and SiPcBz, suggesting dye aggregations. In contrast, the SiPcBz6 absorption still increased linearly, suggesting negligible dye aggregations even at 30 wt%. The saturated JSC at >15 wt% is simply because the absorption is saturated as shown in Figure S4 . Furthermore, the carrier lifetime is the longest in P3HT/PCBM/SiPcBz6 blends, suggesting that bimolecular recombination is most effectively suppressed because of the presence of SiPcBz6 at the P3HT/PCBM interface. This is consistent with the slight increase in VOC for P3HT/PCBM/SiPcBz6 solar cells as shown in Figure 4 . As reported previously, VOC is effectively increased by such cascaded energy structures formed at the heterojunction. [46, 47] In contrast, no distinct increase in VOC is observed for SiPc6 even at high loading concentrations as reported previously. [48] This is because interfacial coverage of dye molecules is not enough to suppress the bimolecular recombination effectively. We therefore conclude that SiPcBz6 molecules are most likely to be located at the P3HT/PCBM interface even at high loading concentrations. More precisely, SiPcBz6 molecules are well mixed with PCBM in the P3HT disordered amorphous phase that is located at the interface of P3HT crystalline and PCBM aggregated domains. [38] Such interfacial location is most probably because SiPcBz6 molecules have hexyl and benzyl ligands at the same time, which prefer to P3HT and PCBM respectively at the interface.
In conclusion, we have shown that the interface engineering is of particular importance for dye sensitization in ternary blend solar cells. The heterostructured SiPcBz6 is suitable for the selective loading to the interface with high dye concentrations and hence can boost the photovoltaic performance by ~30%. This approach should be applicable to silicon naphthalocyanine derivatives [21, 27] and hence useful for multi-colored sensitization for further improvements. Considering the saturated absorption of the SiPc dyes at high loadings, the light-harvesting range can be expanded more effectively by employing dyes with a wider absorption band but a smaller absorption coefficient than SiPc dyes.
Experimental Section
Synthesis of SiPcBz6: A heterostructured SiPcBz6 dye was synthesized by the following three step reactions ( Figure S8 ). previously. [49, 50] Absorption and PL spectra of the blend films were measured with a spectrophotometer [ 45] Ternary blend polymer solar cells can be effectively improved by incorporating heterostructured near-IR dye, which has a hexyl group compatible with polymer and a benzyl group compatible with fullerene. Because of the compatibility with both materials, the heterostructured dye can be loaded up to 15 wt% and hence can boost the photocurrent generation by 30%. 
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